We have recently shown that the small proton chemical shift difference 9 in 2-methyl-1-(methyl-d)piperidine supports a long-lived nuclear spin state. To identify 10 additional candidate molecules with CH 2 D groups exhibiting accessible long-lived 11 states, and to investigate the factors governing the magnitude of the shift differences, we 12 report a computational and experimental investigation of methyl rotational dynamics 13 and proton chemical shifts in a variety of 2-substituted 1-(methyl-d)piperidines. The 14 polarity and size of the 2-substituent affect the 1,2-stereoisomeric relationship and 15 consequently the strength of the rotational asymmetry within the CH 2 D group. Nonpolar and large 2-substituents prefer the 16 equatorial position, and relatively large shift differences (i.e., > 13 ppb) are observed. Polar and small substituents, however, 17 increasingly prefer the axial position, and medium to small shift differences (i.e., 0 to 9 ppb) are observed. In addition, 18 diastereotopic CH 2 D proton chemical shift difference for tricarbonyl(1-chloro-2-deuteriomethylbenzene) chromium (0) was 19 computed, showing that reasonable predictions of these small shift differences can be extended to more complex, organometallic 20 species. 51 the case of 2-methyl-1-(methyl-d)piperidine, previous measure-52 ments and predictions by Anet and Kopelevich, 7 and 53 computations by us, 8,9 have shown that due to hyper-54 conjugation effects between the lone pair of the piperidine 55 nitrogen and an anti-methyl C−H(D) bond, and the local chiral 56 environment around the CH 2 D group, an asymmetric 57 population distribution of the three CH 2 D rotamers is achieved. 58 This results in a small secondary equilibrium isotope effect and 59 corresponds to a shift difference between the CH 2 D protons, 60 observed using 1 H NMR spectroscopy. 61 Encouraged by these results, we set out to explore a variety of 62 f2 2-substituted 1-(methyl-d)piperidines (Figure 2). Our goal was 63 to understand how the steric and electronic nature of the 2-
■ INTRODUCTION
The discovery of long-lived nuclear spin states (LLS) 1−3 in a 23 variety of molecular systems has attracted significant interest. 24 LLS lifetimes often surpass the characteristic relaxation time of 25 ordinary magnetization (T 1 ) by an order of magnitude. 2 LLS 26 are particularly promising in combination with the large 27 sensitivity improvements afforded by NMR hyperpolarizatio-28 n. 3,4a Applications benefiting from substantial NMR signal 29 enhancements include: imaging and monitoring of cancer in 30 human patients, 4a targeting molecules relevant to neuro-31 science, 4b protein unfolding mechanisms, 4c and measuring 32 slow diffusion coefficients of large biomolecules. 4d 33 The generation of long-lived states typically requires 34 combining radiofrequency pulse sequences with chemically 35 inequivalent and scalar coupled nuclei. The extension of these 36 techniques to methyl groups requires CH 2 D groups consisting 37 of diastereotopic protons with different chemical shifts. For 38 technical reasons that relate to LLS pulse sequences, 2d,f very 39 small chemical shift differences (<20 ppb) were viewed as 40 particularly ideal. We have recently shown that a LLS is 41 supported in the monodeuterated methyl groups of two 42 molecules: 2-methyl-1-(methyl-d)piperidine 5 and tricarbonyl- 43 (1-chloro-deuteriomethylbenzene)chromium(0). 6 Both LLS 44 were accessed via small proton chemical shift differences (ca. 45 13 and 8 ppb, respectively) between the diastereotopic protons f1 46 of their corresponding CH 2 D groups (Figure 1) . 47 To the best of our knowledge, there are only three reported 48 cases shown to induce chemical shifts between diastereotopic 49 protons of the CH 2 D group, 7−10 and little is known about the 50 factors governing the magnitude of these shift differences. In substituent perturbs the EIE and proton shift differences in this 65 family of compounds. Through joint computational and 66 experimental efforts, we discovered that, in general, the 67 magnitude of chemical shift difference between CH 2 D protons 68 is affected by the preferred stereoisomeric relationship between 69 the CH 2 D group and the 2-substituent on the piperidine ring. 70 Nonpolar and large 2-substituents prefer the equatorial 71 position, and relatively large shift differences (i.e., > 13 ppb) 72 are observed. Polar and small substituents, however, increas-73 ingly prefer the axial position, and medium to small shift 74 differences (i.e., 0 to 9 ppb) are observed. 75 We computed the weighted average of shift differences for all 76 populated states in each piperidine species to accurately predict 77 proton chemical shift differences of the kind described above. were computed as the weighted sum of the chemical shift The dominant fractional population of stereoisomers in 149 methyl 1-(methyl-d)piperidine-2-carboxylate exists as eq-150 CH 2 D-eq-2-R (Table 1, entry V) as seen in the 2-isopropyl, 151 2-methyl, and 2-trifluoromethyl substituted derivatives (Table  152 1 The Journal of Organic Chemistry Article 172 be readily explained by the difference in A-values of methyl and 173 tert-butyl ring substituents. 31 Furthermore, eq-CH 2 D-eq-2-R is 174 disfavored over the most stable stereoisomer by 2.4 kcal/mol 175 due to a more severe t-Bu/Me gauche interaction. Interestingly, 176 in the preferred stereoisomer, we still observe a rotameric 177 preference for deuterium in the S position over the F (or A) 178 position, suggesting that the t-Bu is bulky enough to affect the 179 isotopically perturbed system as seen in previous cases above. A 180 Δδ of −10.2 ppb is predicted through computations. The 181 negative Δδ stems from the computed proton chemical shifts at 182 the CH 2 D rotameric positions (S, F, and A) in ax-CH 2 D-eq-2-183 R with respect to those in eq-CH 2 D-eq-2-R. In 2-tert-butyl-1-184 (methyl-d)piperidine, where ax-CH 2 D-eq-2-R is dominant, S = 185 2.29, F = 1.81, and A = 2.41 ppm, while in eq-CH 2 D-eq-2-R, S 186 = 2.73, F = 1.93, and A = 1.75 ppm. 23 The shielding of A with 187 respect to S and F in the former is switched in the latter, 188 resulting in a switch in sign of Δδ.
189
Considering the results above, we build on the model 190 previously established for evaluating and predicting equilibrium 191 isotope effects and diastereotopic chemical shift differences in 192 2-substituted 1-(methyl-d)piperidines. Specifically, we add that 193 the stereoisomeric relationship between the CH 2 D group and 194 2-substituents is crucial. Nonpolar and large alkyl substituents 195 at the 2-position tend to favor the equatorial position. For these 196 cases, the previously established model holds true. Polar, small 197 groups, however, show an increased preference for the axial 198 position due to anomeric effects. The competing orbital 199 interaction between the lone pair on the piperidine nitrogen 200 (Figure 1 ). It is known 205 that coordination of metals to arenes results in a dramatic 206 withdrawal of electron density from the arene and enhanced 207 acidity of benzylic protons. 33, 34 The Cr(CO) 3 moiety of 208 tricarbonyl(1-chloro-2-deuteriomethylbenzene) chromium(0) 209 facilitates dissociation at the benzylic group, provides facial 210 selectivity on the arene ring, and stabilizes both benzylic cations 211 and anions formed as reactive intermediates. 35−37 It is 212 conceivable that the asymmetry in the complex could be 213 coupled with selective C−H(D) bond weakening induced by 214 the Cr(CO) 3 moiety to generate a small but observable CH 2 D 215 proton chemical shift difference. In fact, Siegel and Restelli 216 previously reported chirotopicity of the methyl group in 217 tricarbonyl(1-chloro-2-deuteriomethylbenzene) chromi-218 um(0). 10 An experimentally observed chemical shift difference 219 of 8.0 ± 0.4 ppb is observed in benzene between the CH 2 D 220 protons, consistent with their findings. 6
221
The protocol for computing the Δδ in the 2-substituted 1-222 (methyl-d)piperidine study (vide supra) was also employed 223 here. However, the PCM for dichloromethane was substituted 224 with that of benzene to best align with experimental conditions. 225 We located two isomers of tricarbonyl(1-chloro-2-226 deuteriomethylbenzene)chromium(0), one of which has a 227 carbonyl bisecting the ortho methyl and chloro substituents 228 t2 (Table 2) 
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Article 261 2-ethynylpiperidine 38 and 2-phenylpiperidine, 39 both known com-262 pounds, will be reported elsewhere. 263 2-Ethyl-1-(methyl-d)piperidine. To 2-ethylpiperidine (500 mg, 264 4.42 mmol) was added formaldehyde (1.08 mL of 37 wt % in H 2 O, 265 568 mg, 13.2 mmol, 3.0 equiv) followed by careful addition of formic 266 acid-d 2 (0.83 mL of 95% in D 2 O, 22.0 mmol, 5.0 equiv), and the 267 reaction heated at 85°C (using a water bath) for 3 h. The reaction was 268 cooled to rt, water (4 mL) added, and the acidic aqueous reaction was 269 extracted with pet. ether. The aqueous layer was basified to pH 12 270 2-Trifluoromethyl-1-(methyl-d)piperidine. To 2-trifluorome-299 thylpiperidine (970 mg, 6.33 mmol), was added formaldehyde (1.54 300 mL of 37% in H 2 O, 18.99 mmol, 3.0 equiv) followed by careful 301 addition of formic acid-d 2 (1.2 mL, 31.7 mol, 5.0 equiv). The reaction 302 was heated at 85°C (using a water bath) for 4 h before being cooled 303 to rt. Water (2 mL) was added and the acidic aqueous reaction 304 extracted with pet. ether. The aqueous layer was basified to pH 12 305 using 6 M NaOH and extracted with Et 2 O (× 5). The combined Et 2 O 306 extractions were dried (Na 2 SO 4 ) and concentrated on a rotary 307 evaporator without vacuum (bath temp = 40°C). This gave the title 308 compound as a colorless oil (948 mg, 5.64 mmol, 89%). 1 Ethyl 1-(Methyl-d)piperidine-2-carboxylate. To ethylpipecoli-335 nate (980 mg, 6.24 mmol) was added formaldehyde (1.50 mL of 37 wt 336 % in H 2 O, 568 mg, 19.08 mmol, 3.0 equiv) followed by careful 337 addition of formic acid-d 2 (1.20 mL of 95% in D 2 O, 31.80 mmol, 5.0 338 equiv), and the reaction heated at 85°C (using a water bath) for 3 h. 339 The reaction was cooled to rt, water (2 mL) added, and the acidic 340 aqueous reaction was extracted with pet. ether. The aqueous layer was 341 basified to pH 12 using 6 M NaOH and extracted with Et 2 O (× 5). The Journal of Organic Chemistry Article
